Abstract Peninsular India (10.0Њ N-28.0Њ N; 68.0Њ E-90.0Њ E) is one of the oldest and seismically most stable landmasses of the Indian plate. Recent seismic history, however, shows that more than five damaging earthquakes with magnitudes greater than M w 6.0 have occurred in this region, highlighting the importance of seismichazard assessment for the region. This article estimates the probabilistic seismic hazard associated with peninsular India with a zoneless approach incorporating the observed seismic activity and known geological characteristics of the region. The seismicity parameters for hazard assessment have been estimated incorporating completeness criteria for various spans of the catalog data. The spatial and temporal variations of seismic activity have been modeled using different source models. Seismic source zones for the region have been defined on the basis of large-scale geological features, which are used for assigning the maximum possible earthquake potential. Due to the poorly known attenuation characteristics of the study region, three appropriate attenuation models have been used for the estimation of groundmotion parameters. Hazard maps for peninsular India have been developed using a convolution scheme based on weighting and incorporating various uncertainties involved while modeling different parameters. The comparison of the probabilistic seismic-hazard map developed herein with the hazard map specified in the Indian Standards shows that the design parameters in the Indian Standards may significantly underestimate the seismic hazard in some regions of peninsular India.
Introduction
An important prerequisite for mitigation of the devastating effects of earthquakes in a region is the accurate assessment of seismic hazard associated with the region so that the potential for future damaging earthquakes can be estimated. In India, the seismic regionalization studies by Tandon (1956) and Krishna (1959) may be considered as the earliest efforts in the demarcation of areas of potential severe, moderate, and light damage in the Indian subcontinent. Subsequent studies include intensity-based mapping by Guha (1962) and Gubin (1968) . The problems associated with intensity-based zoning were overcome by using probabilistic hazard studies based on available data by several researchers including Basu and Nigam (1977) , Kaila and Rao (1979) , and Khatri et al. (1984) . Because of the scarcity of earthquake data in the shield region, hazard estimates in the peninsular area (10.0Њ N-28.0Њ N; 68.0Њ E-90.0Њ E) were based on either subjective estimates of intensity from past earthquake data or from the known geological and seismotectonic information without including the associated uncertainty in the estimates (Krishna, 1992) . Recent efforts include a probabilistic map developed by Bhatia et al. (1999) under the GSHAP program and a deterministic seismichazard map of India in terms of maximum displacement, maximum velocity, and design ground acceleration proposed by Parvez et al. (2003) on the basis of a compilation of synthetic seismograms. Das et al. (2006) carried out probabilistic seismic-hazard analysis of Northeast India based on uniform hazard spectra for pseudospectral velocity and a newly developed spectral attenuation model for the region.
The seismic zoning maps prepared by the Bureau of Indian Standards (BIS) for earthquake-resistant design specification during all its earlier phases (Krishna, 1992) and the latest revision in 2002 (IS 1893 (IS , 2002 have been primarily based on historical information represented by an epicentral map superimposed by the estimated maximum Modified Mercalli Intensities (MMIs) for large historical earthquakes, with some upgradation for shield zones to higher seismic zone based on recent seismogenic activity. The knowledge of seismogenic features of the peninsular shield is limited and has been identified only after the occurrence of large and damaging earthquakes. The earthquakes of Koyna (1967; M w 6.3), Latur (1993; M w 6.1), Jabalpur (1997; M w 5.8), and Bhuj (2001; M w 7.7) have demonstrated that an urgent need exists to make comprehensive efforts to delineate active source zones in peninsular India and accurately define the boundaries of high-seismogenic sources based on seismological characteristics (Sinha et al., 2001 ).
The present investigation uses the zoneless approach proposed by Frankel (1995) for seismic-hazard estimation. However, the spatial variation of M max and b are assigned based on different identified broad regions in peninsular India. Due to unavailability of well-established attenuation relations for the region, three different attenuation relationships have been considered. A recently proposed attenuation relationship based on a few recent earthquake data in India by Iyengar and Raghukanth (2004) has been included. Past studies have indicated that both central and eastern United States (CEUS) and peninsular India regions share similar features in terms of seismotectonic characteristics, as discussed by Schweig et al. (2003) , Cramer and Kumar (2003) , and Mooney et al. (2005) . Studies also show that they share similarities in the crustal Q-parameters (Bodin et al., 2004; Singh et al., 2004) . Bodin et al. (2004) studied the aftershock data of Bhuj earthquake and found that the seismic-wave attenuation in Kuchchh crust is very low and is comparable to the attenuation characteristics in CEUS. The attenuation relationships proposed by Atkinson and Boore (1995) and Toro et al. (1997) for the CEUS have also been included as alternate models for the hazard estimation of peninsular India.
Seismicity Characteristics Geology and Seismic Zonation
The Indian peninsula is known to be one of the oldest landmasses on earth and exhibits a geology that has not experienced any major deformation since the beginning of the Phanerozoic eon. More than one-third of the region is covered by the basaltic flows of the Deccan Trap, which were extruded in the Cretaceous-Eocene interval (about 60 to 135 million years ago). The rest of the peninsula mainly consists of Precambrian crystalline rocks and sedimentary formations of later eras (Valdiya, 1973; Naqvi et al., 1974) . Due to its complex structure with numerous associated faults and fractures, peninsular India has been extensively studied for earthquake phenomena associated with intraplate activity (Rao and Murty, 1970; Chandra, 1977; Mandal et al., 2000) . The geological zonation of earthquake sources used in the present study is primarily based on various evolutionary units and the associated tectonic features in the peninsular shield of India (Fig. 1) .
The source zonation boundaries for the present investigation have been based on Seeber et al. (1999) . Based on tectonic features and the observed seismic activity in the peninsular shield, Seeber et al. (1999) has proposed nine broad seismic zones (Fig. 2) , considering the characterization of stable continental regions as either cratons or paleorifts. The seismogenic characteristics of paleorifts suggest that these regions contain large faults and have experienced extensional deformation in their most active phase. In peninsular India, it includes all passive continental margins and inactive grabens such as Cambay, Godavari, and Mahanadi grabens and the active Narmada lineament (Fig. 1) . The stable southern and northern cratons have been assigned with separate zones and a similar procedure has been adopted for characterizing the western and eastern passive margins.
Seismic Catalog Database and Model Parameter Estimation
A complete earthquake catalog with a uniform magnitude scale for expressing the size of past earthquakes is a prerequisite for a reliable parameterization of the magnitude distribution used in a hazard analysis. A working catalog has been prepared for this study based on the available information from various sources (Jaiswal and Sinha, 2004 Atkinson and Boore (1995) and Johnston (1996) can be used to estimate M w by first calculating the seismic moment associated with the respective earthquakes. The former relationship was used for preparing the earthquake catalog for eastern North America, whereas the relationship proposed by Johnston (1996) is based on worldwide data of stable continental earthquakes, including data from Indian earthquakes. We have used the relationship proposed by Johnston (1996) as given in equation (1) for estimating M w . For some of the larger events, reported M w estimates have been used in the preparation of the catalog. A declustering algorithm has been used for removing dependent events of the entire catalog. The commonly used declustering algorithms, such as Gardner and Knopoff (1974) or Reasenburg (1985) , were developed for moderate to large events, which may be applicable for active tectonic conditions but have not been found suitable for the Indian peninsula because of the long window for foreshocks and aftershocks considered in these models. We have therefore considered a criterion based on uniform time (Ͼ90 days) and space (radius Ͼ50 km) windows between successive events due to the absence of a well-defined approach applicable for the Indian peninsula. The same criterion was applied for removal of dependent events by Seeber et al. (1999) . However for some of the large events (e.g., 2001 Bhuj earthquake), the aftershock activity continued for a much longer period, hence such events have been removed manually from the catalog to conform to uniform assumptions in the rate modeling. The final catalog, which includes Figure 1 . Major evolutionary units and associated tectonic features in the peninsular shield of India (Gupta et al., 1995). of 10 events of M w Ն 6.0, 21 events of M w Ն 5.5, and 184 events of M w Ն 4.0, has been used for further analysis.
The regional earthquake recurrence activity is commonly expressed in terms of the Gutenberg-Richter magnitude frequency relationship represented by
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where N is the number of events per year with magnitude greater than or equal to M. The 10 a -value is rate per unit area per year of M earthquakes and the b-value is the decay rate (slope) of log-linear fit that represents the relative likelihood of larger and smaller earthquakes. The current investigation uses Weichert's method (1980) , which gives greater weight to the earthquake magnitude ranges with largenumber data values, is relatively insensitive to errors in magnitude ranges with very few events, and is therefore particularly relevant to peninsular India due to the limited data of large earthquakes in the catalog.
For estimating seismicity parameters, the catalog data from 1842 to 2002 have been used. The assumption of a single threshold level of M w 4.5 based on Stepp's procedure (1973) of rate uniformity gives a b-value of 0.84. The b-value obtained using this criterion is quite similar to the value of b ‫ס‬ 0.85 obtained by Rao and Rao (1984) using historical earthquake data for 170 years. To achieve the uniformity of activity rate of each magnitude class, the catalog data have been divided based on the cumulative number of events of different magnitude groups. This has led to the selection of different completeness criteria for different length of catalog based on observed rate uniformity in different time intervals; the results are shown in Table 1 . Considering this completeness level, the b-value has been found to be equal to 0.92 for the entire catalog data as shown in Figure 3 . This value is considered more representative of the region's seismicity and hence has been used as the basis for rate adjustment in hazard calculations. The uncertainties associated with the fit to the Gutenberg-Richter (GR) parameters (a and b) are very small and hence have not been explicitly included in the present study.
Influence of Reservoir-Induced Seismicity
The Koyna earthquake of 10 December 1967 was one of the most distinct and illustrative examples of induced seismicity associated with impounding of reservoirs in peninsular India (Gupta, 1992) . Rastogi (1992) observed that more than 50% of events that occurred in peninsular India in the 1980s are in the vicinity of major reservoirs. Seeber et al. (1999) noted a threefold increase in seismicity for peninsular India after 1960. These and other investigations raised the issue of the overall increase in seismicity of peninsular India due to construction of large dams and its effect on seismic hazard, even though some recent research indicates that the increase of seismicity in the vicinity of Koyna dam is not solely triggered by the reservoir (Gahalaut et al., 2004) . According to the analysis of catalog data the increase in seismicity results in a b-value of 0.90 after 1960 compared with 0.77 for the pre-1960 data (Fig. 4) . The b-value change from 0.77 to 0.90 raises the possibility that occurrence of numerous small reservoir-induced earthquakes may increase the probability of larger earthquakes according to the GR model. This increase in seismicity in peninsular India has been critically evaluated for the current hazard estimation studies.
For modeling the spatial variation of the b-value change, the decay rates associated with the 20 known reservoirs in the region (Gupta, 1992; and Seeber et al., 1999) have been evaluated considering all the earthquakes that have occurred in the 100 km ‫ן‬ 100 km area surrounding these reservoirs. The area of 100 km ‫ן‬ 100 km approximately corresponds to their catchment area and represents a conservative estimate of reservoir-induced seismicity (Seeber et al., 1999) . It has been assumed that the earthquakes that are located within this near-reservoir area are associated with the likely effects of reservoir impoundment as a first-order assumption. The events associated with near-reservoir areas result in a b-value of 0.95 which is slightly higher than the b-value of 0.91 observed for the rest of the peninsular India data, excluding near-reservoir earthquakes.
The overall increase in b-value to 0.95 compared with the pre-1960 decay rate seems to be quite similar to the rate associated with the overall seismic activity observed for the entire India Peninsula since 1960. This is because most of the near-reservoir earthquakes are from a few hot spots such as the Koyna and Bhatsa regions and not associated with the other reservoirs in the region. Also note that the overall increase in the seismicity after the 1960s is not just due to reservoirs but also to the numerous moderate earthquakes that occurred in the Runn of Kuchchh region, southern craton, or eastern and western passive margins (Fig. 2) . It is therefore inappropriate to assume that this threefold increase in seismicity in peninsular India is entirely due to the increase in seismic activity in the vicinity of large reservoirs.
Also note that most of the earthquakes (between M w 3 and 4) near the Koyna region have been identified only after installation of a better instrumentation network in the area which took place in late 1960s, whereas most such earlier earthquakes may have remained undetected in the time span of catalog data (Mohan et al., 1981) . To evaluate the temporal variation of b-value in the rest of the Peninsula after 1960, the earthquakes associated with the 20 known reservoirs have been excluded from the main catalog, which gives a higher value of b ‫ס‬ 1.0. It indicates that small to moderate events contribute a major share of the increase in b-value after the 1960s. This also confirms that such an increase is clearly experienced in large parts of peninsular India and is not associated only with the reservoirs. The spatial variation of b-values indicates that the decay pattern of the seismic activity cannot be considered to be uniform all over peninsular India and also that the overall increase cannot be attributed to reservoir-induced seismicity alone.
Spatial Characteristics of Seismicity Based on Catalog Data
Even though the current catalog data do not cover a very long period of earthquake history, the observed seismic activity of small to moderate earthquakes (4 Ͻ M w Ͻ 5.5) clearly indicates such spatial variation in b-values. The catalog data of peninsular India show that the data associated with cratons have a higher b-value of 1.05 as compared with rift zones such as eastern and western passive margins and Runn of Kuchchh for which the estimated b-value is 0.85. The smaller b-value in rift zones indicates that numerous earthquakes are relatively larger, compared with the small and moderate events, when compared with regions with higher b-values. This is expected from the observation that the peninsular shield has experienced large earthquakes at relatively short intervals during the past many centuries. A similar conclusion was reached by Rajendran (2000) based on classification of recent damaging earthquakes in terms of tectonic environment, recurrence period, maximum magnitude, and style of deformation. Unlike other stable continental regions (SCRs), such spatial variation in terms of decay rates may be a peculiarity of the Indian shield and is also ascertained based on geological and seismotectonic characteristics of the region. The present investigation addresses this issue by modeling the spatial variation in b-value estimates in the hazard analysis using a logic tree approach. Cramer (2001) and Cramer et al. (2002) give systematic application of such information for incorporating various uncertainties in terms of a logic-based approach of seismic-hazard analysis and have been used in the current investigation.
Probabilistic Seismic-Hazard Assessment Methodology
The zoneless seismic-hazard approach suggested by Frankel (1995) has been used in the present investigation. This approach is useful especially for regions where demarcation of distinct seismic-zone boundaries is difficult due to a poor understanding of tectonic settings (e.g., SCRs such as CEUS, central Asia, western Australia, and peninsular India). This approach has also been used for development of seismichazard maps of United States (Frankel et al., 1996 (Frankel et al., , 2002 .
When evaluating seismic hazard for peninsular India, earthquakes that occurred in the region between 1842 and 2002 have been included. The entire peninsular region has been divided into grid cells of size 0.1Њ ‫ן‬ 0.1Њ, that is, approximately 11 km ‫ן‬ 11 km area. The total number of earthquakes from catalog data greater than a certain cutoff value are summed in each grid cell and then corrected in terms of number of earthquakes per year, which represents the a-value for that grid cell. The rate associated with certain magnitude interval for that grid cell has been estimated using the correction factor proposed by Herrmann (1977) and the final corrected interval 10 a -value for particular grid cells have been spatially smoothed using a Gaussian smoothing function. In the present investigation, the spatial variability associated with b-values and the maximum magnitudes for different tectonic regions of peninsular India have been introduced in the analysis.
Source Model
The earthquake activity rate for each grid cell depends on the completeness period obtained for each magnitude interval of the catalog data. In peninsular India, the data completeness is very important because large areas, especially large cratons, have rarely experienced moderate-level earthquakes, whereas the activity near rifting systems has been very high. To understand the implication of such variation of observed seismicity rates, three independent source models have been considered that are based on the completeness of the catalog data for different magnitude ranges.
Data Model 1
In most of the stable continental regions of the world such as the CEUS, Central Asia, and peninsular India, the relative likelihood of moderate-level earthquakes can be interpreted from the location characteristics of relatively smaller-magnitude earthquakes. In peninsular India, it has been observed that most of the earthquakes occur near the continental margins and some of them are possibly induced.
It has been observed that the earthquakes in the magnitude range of M w 4.0 to 5.5 are closely associated with a few reservoirs in the region, near the marginal areas of the shield, and also some of the known active tectonic features such as Runn of Kuchchh or Narmada-Son lineament. Because the region was poorly instrumented until the 1960s, it is believed that several smaller earthquakes (M w Յ4.0) may not have been included in the catalog prior to 1960s. Data Model 1 includes all the events greater than magnitude 4.0 since 1961 for estimating the seismicity rate. The correlation distance of 50 km has been taken for smoothing of the a-values to accommodate uncertainty associated with location characteristics of individual earthquakes.
Data Model 2
In seismic-hazard analysis, it is important to evaluate the seismicity rates associated with particular seismotectonic features based on completeness of catalog data for different magnitude intervals. For peninsular India, the records of earthquakes of M w Ն5.0 can be assumed to be complete even for the preinstrumental period of catalog because earthquakes of this magnitude cause damage due to the prevalent construction practice. The data for events greater than M w 5.0 between 1901 and 2002 has been found to be complete and hence taken as the basis for hazard analysis in Data Model 2. The higher correlation distance of 75 km is taken for hazard analysis because many of the earthquakes are from the preinstrumental era and are expected to have higher location uncertainties.
Data Model 3
It is obviously essential to include the recurrence of large earthquakes and these events have been better recorded in the catalog for a longer time span. Such large earthquakes have been found to recur frequently in most of peninsular India. The rift zones of the peninsular shield have already experienced one of the largest and most devastating earthquakes in the past few centuries. Note that the historical earthquakes associated with the Runn of Kuchchh region suggest that the 1819 earthquake of magnitude M w 7.7 has a relatively short recurrence interval of 182 years. However in the current investigation, the catalog data are found to be limited for estimation of recurrence of such large events.
Data Model 3 uses spatially smoothed a-values based on M w Ն6.0 since 1600. The historic rates of M w 6.0 since 1600 are expected to underestimate the observed rate since the available information is not complete for that period. A scaling factor of 1.665 to the smoothed a-values has been estimated which represents the corrected rates of M w 6.0 based on completeness criteria. The use of this scaling factor also allows for the correction of errors due to misinterpretation of previous large events in terms of assigning intensity or due to incomplete knowledge of recurrence characteristics of such large events in the region. A larger correlation distance of 100 km has been used in Data Model 3. The recurrence of the large earthquakes is expected to cause intense damage at large distances from their epicentral locations, and hence it has been found necessary to model such events separately.
While combining different data models, equal weight has been assigned to Date Models 2 and 3, whereas Date Model 1 is assigned with double weight. This is because Data Model 1 is based on more precise instrumental seismicity data and hence assumed to be more representative of current seismogenic activity in the region.
Convolution Technique for Seismogenesis Modeling
For seismic-hazard considerations, a convolution technique has been used in the present study to include the spatial and temporal variation in the seismogenic activity associated with peninsular India. These variations have been included using a suitable weighting scheme based on relative impor-tance of each of the models from known characteristics in recent history. The uncertainty has been modeled by considering four independent cases as discussed next.
Case I: Uniform Seismicity
In Case I, a single b-value of 0.92 was obtained based on completeness criteria (Table 1 and Fig. 3 ) has been assigned to the entire Indian peninsula. The uniform maximum earthquake potential of M max 8.0 has been assigned for all nine zones of peninsular India.
Case II: Geo-Based Seismicity
The catalog data, as discussed earlier, clearly indicates a few broad but important temporal and spatial variation characteristics, which are considered in this case. A uniform b-value of 0.85 is assigned to all the rifting zones that includes Runn of Kuchchh, eastern and western passive margins and grabens, whereas a higher b-value of 1.0 is assigned to all the cratonic regions of peninsular India. In this case, the maximum magnitude potential in each geological zone has been based on geological considerations proposed by Seeber et al. (1999) following the criteria derived from the worldwide study of stable continental region seismicity (Frankel et al., 1996; Johnston, 1996) . The maximum magnitude has been assumed to be M w 6.5 for cratons and M w 7.5 for rifting zones; however, relatively higher value of M w 8.0 has been taken for Cambay graben (Runn of Kuchchh zone) based on its seismogenic characteristics and expectancy of larger earthquake with a shorter recurrence cycle. Even through the observed seismic activity has been very low during the catalog period at most of the cratonic zones, the maximum magnitude potential of M w 6.5 has been considered as only a first order of approximation based on the data in other SCRs and tectonic similarities. However, it can be modified in future studies, especially in the light of the latest version of U.S. Geological Survey (USGS) seismic-hazard maps for CEUS (Frankel et al., 2002) , the M max associated with cratons has been increased to M w 7.0.
Case III: Reservoir-Induced Seismicity
In Case III, the effect of reservoir-induced seismicity (RIS) has been included based on observed seismicity rates for some of the reservoirs. A uniform b-value of 0.91 has been used for peninsular India excluding an area of 100 ‫ן‬ 100 km of 20 known reservoirs. A relatively higher b-value of 0.95 has been estimated for the earthquakes that occurred in the vicinity of these reservoirs. This b-value has been used to incorporate the rate variation near the reservoirs. The effects of RIS are observed to be prominent at certain geographic locations of peninsular India, for example, Koyna and Bhatsa dams located at Western India. Note that the seismic data associated with these geographic locations have not been lost or missed in other data models. Hence the temporal variation in terms of activity rate (a-values) at these locations has always been part of seismic-data analysis. For example, all the small-magnitude events of Koyna region up to M w Ն4.0 since 1961 are included in Data Model 1. Similarly, in Data Model 2, the events with M w Ն5.0 since 1901 for the entire Indian peninsula have been included.
Case IV: Background Seismicity
Note that for large portions of peninsular India (the quiet zones), historical catalog includes no information about previous earthquake activity in the region due to its relatively short time span. It is also possible that many smallermagnitude earthquakes in these quiet zones may not have been recorded because of the sparse instrumental network even during the past several decades. However, recent earthquakes have clearly shown that parts of peninsular India that were earlier assumed to be quiet have some seismic activity and have potential of experiencing damaging earthquakes in the future. In fact, it has been found that even cratons show some local intraplate activity (e.g., M w 6.3 Latur earthquake of 1993). Hence it is more realistic to model such seismicity in the form of background seismicity by assigning uniform background seismicity rates for these regions. This procedure has been used as one of the alternatives in the current investigation to include such unknown possible future earthquakes by assigning background seismicity rate, which, in the present case, is taken as seismicity rates prior to 1960 acting uniformly over the entire Indian peninsula. This was achieved by using a single b-value obtained for pre-1960 data, whereas the a-values of pre-1960s data were uniformly distributed for all of peninsular India and included in the hazard analysis.
The four cases discussed previously are expected to broadly cover overall seismicity-rate variation in the different regions of peninsular India. Note that the weighting scheme can be further fine-tuned in future studies based on additional earthquake data or regional seismotectonic information.
Hazard Assessment
The probabilistic estimation of seismic hazard at any site consists of the estimation of the annual exceedance rate of any ground-motion parameter above a certain specified level. The mean peak horizontal ground acceleration (PGA) has been used for specifying exceedance of ground motion and the results are portrayed in terms of hazard maps at the desired exceedance level for peninsular India. The exceedance level for mean hazard estimates has been taken as 10% probability of occurrence in 50 years, giving an average return period of approximately 475 years or a recurrence rate of 0.0021 per year. The earthquake PGA for this hazard level (often known as design-basis earthquake) is generally considered for estimation of seismic forces in earthquake-resistant design practices. However, recent revisions in some buildings codes, such as the U.S. code, have moved away from 10% probability of exceedance in 50 years to 2% probability of exceedance in 50 years (or a return period of 2475 years). This decrease in the probability of exceedance, and the corresponding increase in PGA, is from the consideration of a 475-year return period being too low for stable continental regions. However, in Indian codes such reduction in the probability of exceedance for design-basis earthquake is not being considered.
For hazard assessment, all three attenuation relations as discussed earlier have been used with different weights. The Iyengar and Raghukanth (2004) relationship for PGA is based on recent large earthquakes in peninsular India. It is considered to be more representative of the attenuation characteristics of the region and hence given twice the weight as compared with the other two relationships, that is, Atkinson and Boore (1995) and Toro et al. (1997) . The use of these three attenuation relationships with different weights in the logic tree incorporates the uncertainties involved in the ground-motion modeling. Both CEUS attenuation relationships have been available for hard-rock site conditions (i.e., shear-wave velocity in the range of 2.8 km/sec), whereas the relationship proposed by Iyengar and Raghukanth (2004) is applicable for the hard-rock category in the range of 1.5 to 3.6 km/sec.
All three attenuation relationships can be assumed to be appropriate (as a preliminary estimate) for estimating the PGA for uniform hard-rock site conditions, the comparison of these three relationships at different epicentral distances is illustrated in Figure 5 . The hypocentral distance has been used in the calculation of distance R used for Iyengar and Raghukanth (2004) and Atkinson and Boore (1995) relationships for hypocentral depth of 10 km, whereas the JoynerBoore distance (which is the closest horizontal distance to the rupture surface if this rupture surface is projected to the ground surface) has been used for the Toro et al. (1997) attenuation relationship.
The estimated a-values in each of the data models represent the total number of earthquakes in each grid greater than a certain lower-bound value based on completeness criteria. For Data Model 1, the estimated total number of earthquakes above M w 4.0 per annum is 3.81. The lower limit of magnitude greater than M w 4.0 for seismicity-rate estimation of each individual grid indicates contribution from moderatelevel earthquakes in terms of likely hazards in the regions such as Southern India where there have been no large earthquakes during the catalog period.
For Data Model 2, the estimated total number of earthquake above M w 5.0 per annum is 0.353. This activity rate indicates regions of potential large earthquakes in peninsular India and hence is taken as the basis for rate adjustment while combining the different models in hazard analysis.
In Data Model 3, the observed number of earthquakes above M w 6.0 is less than estimated rates based on the criteria discussed earlier; hence, a correction factor of 1.665 is applied to have a corrected rate of 0.0621. The estimated hazard from Data Model 3 indicates contribution of only large earthquakes in all of peninsular India.
Thus Data Models 1, 2, and 3 are taken in such a way that the earthquake activity rate (a-values) are representative of the entire span of catalog data considering its completeness and accuracy. The combination model consists of different models framed to incorporate earthquake activity rate associated with different magnitude ranges based on completeness criteria for the catalog data. The combination rule considers equal weight given to individual cases of uniform, induced, geo-based, and background seismicity as shown in Figure 6 .
The typical results of estimated PGA for peninsular India using Data Model 2 and the three attenuation relationships is shown in Figure 7 . Since Data Model 2 includes only large earthquakes, which are few in number, the PGA estimates show the typical bulls-eye seismicity pattern, indicating localized recurrence of moderate to large earthquakes. It is seen that the estimated PGA for some regions the Narmada Lineament (NL) (Fig. 2) is of the order of 0.12g, whereas for some pockets of the Eastern Passive Margin (EPM), the estimated PGA is 0.18g, illustrating the influence of more severe seismic activity in EPM than in NL.
The analysis results for all data models are combined as described previously to obtain the combined PGA map.
The new seismic-zoning map prepared based on the combination rule of Figure 6 is shown in Figure 8 . The zoning map represents the average of the estimated ground motion in the contour interval so that the possible variation in terms of zoning boundaries are included while estimating Figure 7 . Probabilistic seismic-hazard map of peninsular India, in terms of mean peak ground acceleration (%g) for a return period of 475 years using Data Model 2. the zoning factors for each combination. The seismic-hazard map given in the IS code (Fig. 9 ) has also used a similar averaging scheme of estimated damage intensities. The Medvedev-Sponheuer-Karnik (MSK) damage intensity of VI or less corresponds to seismic zone II; damage intensity VII corresponds to seismic zone III; damage intensity VIII corresponds to seismic zone IV, and damage intensity IX and greater corresponds to seismic zone V.
The suggested zoning map (Fig. 8 ) based on PGA estimates with 10% probability of exceedance in 50 years needs to be interpreted in terms of zoning parameters mentioned in the current seismic-hazard map of India. The mean horizontal PGA for the Koyna region is found to be between 0.20g and 0.36g. This level of ground motion is associated with seismic zone V of the seismic zoning map of India (IS 1893 (IS , 2002 . However this region is currently placed in seismic zone IV (Fig. 9) . For Runn of Kuchchh, the estimated PGA of 0.20g to 0.36g is similar to that associated with seismic zone V. Similarly, large portions of the Narmada Lineament region extending up to the northern portion of Godavari graben show higher estimated hazard than the current IS code specification. The current analysis suggests that it should be included in seismic zone IV, which is also supported by the fact that the damaging Jabalpur earthquake of 1999 (maximum MSK intensity of VIII) occurred in this region. Similarly most of the southern portion of India, especially the Eastern Passive Margin, shows higher PGA estimation than its assigned seismic zone III. Most of the eastern part of PI consisting of the western portion of Bengal, Orissa, and southern portion of Madhya Pradesh show very low ground motions and are considered to constitute the main portion of the stable shield of peninsular India.
Conclusions
The investigation presented in this article evaluates the seismic hazard associated with peninsular India. The most recent knowledge on seismic activity in the region has been used to evaluate the hazard incorporating uncertainty associated with different modeling parameters as well as spatial and temporal uncertainties.
In this article, the data-related uncertainties that can be associated with existing seismicity catalogs as well as the uncertainties associated with estimated seismicity rates have been discussed. The uncertainties have been incorporated through a combination of data models, spatial and temporal variation in seismicity rates, and variation of ground-motion characteristics through convolution of such information by assigning appropriate weights in the logic-tree analysis.
Ground motions depicted in terms of PGA have been prepared using contours of specific range to facilitate the easy comparison with the seismic-hazard map of India. The method for obtaining zonal boundaries in the IS code seismic-zoning map are based on the damage intensity data of past earthquakes and hence shows lower hazard for regions without records of damaging earthquakes in the recent past.
Based on the current investigation, following conclusions have been obtained:
1. The lack of knowledge about the occurrence of earthquakes in peninsular India, a SCR, has been addressed using probabilistic analysis that accounts for uncertainties in assessments of different parameters as well as combinations of different models using the logic-tree scheme. The probabilistic seismic-hazard assessment of peninsular India has been carried out which results in a more realistic seismic-hazard map for the region. 2. Recent seismogenic characteristics in peninsular India clearly indicate the possible temporal and spatial variation in terms of seismicity rates that needs to be incorporated in the hazard analysis. The use of a single b-value for the entire Indian peninsula is not an appropriate approach.
3. The effect of reservoir-induced seismicity has been evaluated and seismicity parameters have been obtained for data in the vicinity of 20 known reservoirs and their rate patterns have been included. It is shown that the increase in seismic activity after 1960 is not solely attributed to the effect of reservoirs or other triggering mechanisms near reservoirs, but is a manifestation of real increase in rates in peninsular India. 4. The zoneless seismic-hazard estimation approach has been suitable for peninsular India to incorporate spatial and temporal variations in terms of b-values. The seismic hazard for different regions of peninsular India clearly indicates higher levels of hazard for most of the rifting zones. 5. The seismic-hazard analysis is based on certain assumptions in the form of seismicity modeling, both background or reservoir-induced seismicity, and prediction of ground motion for uniform hard-rock conditions. The weighting scheme proposed in the present investigation is based on judgment and can be refined. We feel that the current analysis broadly reflects the first-order seismic hazard of peninsular India by using probabilistic model- Figure 9 . Seismic-zoning map of India (IS 1893 (IS , 2002 .
ing, and the refinements by improving the assumptions will result in higher-order changes near the boundaries of the contours. We recommend that this map should be used within the framework of the assumptions.
